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I - HEAT TRANSFER FROM BLADES TO COLD AIR

By Gene I.. Meyer

SUMMARY .

Results of an investlgetion to determine average outside surface
heat-transfer coefficients for a cascade of symetrical impulse tur-
bine blades are given. It has been theoretlcally shown that the
effectiveness of both direct and indirect turbine-blade cooling
methods depends to a great extent on the value of the heat-transfer
coefficient between the gases and the bledes. Because of the lack
of data necessary to establish fundamental heat-transfer laws appli-
cable to turbine blades, the NACA has started & comprehenslive pro-
gram that will meet these needs. As a part of thils program, the
heat transfer in a cescade of rim-cooled symmetricael impulse turbine
bledes was investigated. The blades were heated at the roots and
cold air was exhausted past them. Adisbatlc tests were first made
to determine the thermal recovery factor for the blade, so that the
heat-transfer coefficients could be based on the difference between
the blade and effective gas temperatures.

The recovery factor was found to vary only slightly (from 0.78
to 0.89) with an exlt Mach number renging from 0.3 to 1.0 and was
independent of the Reynolds number. The FNusselt number based on the
effective gas temperature was independent of the Mach number In &
range from 0.3 to 1.0. The results of the heat-transfer tests can
be represented within +10 percent by

Nu = 0.14 (Re);%"68 (pr)*/>

where Nu ie Nusselt number, Re 1is Reynolds number, and Pr is
Prandtl number. The characteristic dimension is arbditrarily taken
as the blade perimeter divided by = and the Inlet Reynolds
number is used. This equation expresses equally well the results
of investigations made by the General Electric Company on & cascade
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of impulse blades five times the size of the NACA blades. No effect
due to the difference in curveture of the two blades was evident.
The results of the low-temperature runs are shown to be applicable
to the prediction of the effectiveness of rim cooling at elevated
temperatures for the blades used.

INTRODUCTION

Cooling methods for gas turbines can ordinarily be classified
as elther indirect or direct. With the indirect method a coolant
is applied to the blade root.or the tip, the rest of the blade
beling cooled by conduction; with the direct method, a coolant is
forced through passages in the blade. Results of theoretical
analyses mede at the NACA Cleveland laboratory (references 1 to 3)
to investigate both types of cooling indicate that the smount es
well as the effectiveness of the cooling depends to & great extent
on the convection heat-transfer coefficlent between the hot gases
and the blades.

With I1ndirect methods, the cooling effectiveness, as measured
by the alloweble increase in effective gas temperature, increases
with a decrease in the heat-transfer coefficlent. With direct
cooling, the dependence of the coolling effectiveness on the heat-
tranafer coefficient is more complex, involving the ratio of the
coefficlent on the hot-gas side to that on the coolant side. How-
ever, the same general trend as that for indirect cooling applies.
It is then clear tkhat accurate cooling calculations for either
direct or indirect methods depend upon knowledge of the heat-
transfer laws between the gases and the blades.

Although a great deal of heab-transfer data l1s avallable on
the flow of flulds past plates, cylinders, and airfoils, none has
been published on turbine blades. The General Electric Company,
however, ran tests on a turbine-blasde cascade using room-air-
and steam-heated hollow blades and obtained

M = 0.14 (Re)0:68 (pr)l/3

where

Nu  Nusselt number, based on blade perimeter divided by . x

Re Reynolds number, based on blade perimeter divided by =

Pr Prandtl number



a

1013

NACA RM No.. ESEi2 3

The temperature at which the air properties were taken was not given;
however, the temperature range involved was so emall thet elther the
bulk or film temperature could be used without appreciably changing
the results. It was recognized in this work that there might be an
effect due to the reversal of heat flow, that is, heat transfer from
the blade to the gas Instead of from the gas to the blade, and a
correction factor was applied. This correction, which was
originally suggested for heating or cooling of fluida flowing through
Plpes, was estimated to have decreased HNu by only 3.4 percent.

(The correction doces not appear in the previous equation.) Similar
work has undoubtedly been performed in other countries, but reports
of the results are unavallable at present.

Because of the lack of correlsted data necessary to estebllish
Pundemental heat-transfer laws appllcable to turblne blades, a
comprehensive progrem hss been Inltiated at the NACTA Cleveland
laboratory that will meet these needs (reference 4). The problem
is belng experimentally attacked in two ways, by studying the heat
transfer (&) in static turbine-blade cascades, and (b) in Pull-scale
gas turblines. Cascades allow elaborate instrumentation, easy
control of the factors involved ln the convectlion and radiation
processes, and rapid investigations of many blade conflgurations.
The extremely large buoyancy forces due to rotation, which tend to
increase free convectlon, and possible flow disturbances caused by
the blades passing stationary nozzles are absent in cascades. The
magnitude of these effects, though they are probably small, must be
determined from reseexrch with actual turbines.

The over-sll program of research on turblne cooling conducted
at the Cleveland lsboratory includes an Investigation of the laws
governing the heat transfer by convection between the geses
surrounding a cascade of symmetrical impulse blades and the blades.
The results obtained by using cold air as the £luld and by heatlng
the blade roots are presented hereln. Cold alr, rather than hot
gases, was used because 1ts properties are well known, and there
is no possibility of carbon deposits forming on the blades. By
maintaining low blade temperatures, the influence of radiation was
made negligible, and thus & fundemental relation for the convection
heat trensfer could be cbtalned. The blade temperature dlstribution
was measured and the results were used in conjunction with a theory
for the heat flow to .campute the heat-transfer ccefficlent.

The purpose of this investigation is (a) to present for the
blades tested & relation between the Nusselt and Reynolds numbers
describing the heat transfer over & verlation of inlet Reynolds
numbers (based on the blade perimeter divided by =) of from
10,000 to 150,000 and a renge of Mach numbers from 0.3 to 1.0,
(bs to correlate and compare the results with those for other
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turbine~blade cascades, cylinders, and streamlined bedles, and
(c) to apply the results to predict the effectiveneas of rim cooling
by using the theory of reference 1.

THEORY

The general relation for forced-convectlion heat transfer is
often written 1n the dimensionless form

Ku = £ (Re, Pr) = C (Re)¥ (Pr)® (1)

where

Bod
Ru Nusselt number, 3

=3

he convection hest-transfer coefficlent, (Btu/(hr)(sq £t)(°F))
a characteristic dimemnsion of body, (£t)
k thermal conductivity of gas, (Btu/(hr)(ft)(°F))

Yelog
Re Reynolds number, m
(4

Vg gas velooity, (ft/sec)
Pg gas density, (slugs/cu ft)
Mg ges viscosity, (slugs/ft-sec)
Pr Prandtl number, g %p.g
kg
op,g SPecific heat of gas at comstant pressure, (Btu/(slug)(°F))

The symbols ueed in the analysis are defined in appendlx A.

The Prandtl number can be considered a physical property for
a given gas and 1t varles ocnly elightly with temperature. Thus the
gocmetrical shape does not affect it. For turbulent filow, the gas
properties Kgs ©p,ag’ and kg that are needed for Pr, Re,

and Nu are evaluated at the film temperature <tp, which is

assumed to be the mean of the average body temperature and the gas
gstatic temperature. The characteristic dimenslon d¢ for a turbine
blade is not immediately apparent and must be found by correlating

10T
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heat-transfer date for a number of different blades. 'The blade per-
Inmeter or perimeter divided by = has been coumonly used. The heat-
transfer coefficlent is defined as the rate of heat transfer per wnilt
a.lx;le; Per unlt temperature difference between the gas and the blade
surface

he = g (2)
where
Q rate of heat transfer, (Btu/hr)
s surface area, (sq £t)
At temperature difference between gas and blade surface, (OF)

The value of At depends upon the method by which it 1s evaluated,
as will be indicated.

The suxrface tempersture ls usuelly well defined and at low
Msch numbers little difficulty is encountered in choosing a gas tem-
perature because the statlic and total temperstureseare very nearly
equal. However, at high Mach numbers, these temperatures differ
appreclably and different coefficlents can be obtained, depending
upon which temperature ls used. Regerdless of which temperature
(total or static) is used, h, may be positive or negative for the
seme direction of heat flow and a value of zerc must be assumed
for ko for the adlabatic case.

In crder to overcome these dlsadvantages, the heat-transfer
coefficient is based on an effective gas temperature t ,es which
is defined as the temperature a body assumes in the a.‘bsence of
heat transfer (the adlabatic body temperature). A coefficient
based ocn this temperature is always posltive and greater than zero.
Furthermore, i1t has been shown to be independent of the Mach number
and the temperature difference &4t. (See references 5 and 6.)

For any partiocular geometrical configuration, the effective
gas temperature can be related to the total and static temperatures
by & recovery factor «, defined by the equation

_.E.:___.E:_ _EJ__E.:_ (3)
" tg,5 - b 2/2Jc 0, &
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where

t static temperature of gas, (°F)

8,8
tg ¢ total temperature of gas, (°F)

J mechanical equivalent of heat, 778 (ft-1b/Btu)

In a theoretical study, Pohlhausen derived an expression for
the recovery factor for flow past plates as a function of only the
Prandtl number (referemnce 7). Numerous experiments have been per-
formed with air flowing past plates, parallel to wires, normal to
single cylinders, and inside cylindrical tubes to obtain recovery
factors. (See bibliography listed on p. 4 of reference 5.) Results
of these experiments indicate that there is only & small Reynolds
number effect; the principal variable is the Mach number for &
fixed Prandtl number. Eckert and Weise (reference 8) teated three
shapes of turbine blades, for which they determined a. They found
some variation with blade shape and Mach number, but made no mention
of a Reynolds number effect. :

In equation (2), it is seen that once a 1s kmown for a par-
tioular setup, At can be based an tg o by use of equation (3),
and it 1s only necessary to determine Q in order to find hg.
However, it was difficult to measure Q acourately in the test
apparatus used and an alternate method of computing h; was devised.

The one-dimensional temperature distribution for a turbine blade
heated or cooled at the root can be found from a heat balance of the
blade (appendix B). If radiation is neglected,

6 = 6 cosgol:h(iL- = (4)
where
2] exceas of blade temperature over effective gas temperature
at blade position x, (°F)
90 excess of blade temperature at x =0 (blade root) over

effective gas temperature, (°F)

n - 4’%1’-;, (2671)
a

10T
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L distence from blade roct to point at which 4d¢/ix 1is
zero, (ft)
x radial position on blade measured from the root, (£t)

hc,b convection heat-transfer coefficient from gas to blade,
(Btu/(nr) (sq £%)(°F))

b blade perimeter, (£t)
,a average thermal conductivity of blade materilal, (Btu/(nr) (££) (°F))
A cross-sectiocnal ares of blede, (sq ft)

The excess of the blade temperature over the effective gas tem-
perature & 1s a function only of x, the quantities 6,5, L,

end m being constants for a given set of conditions. If the tem-
perature distribution 1s known, that is, @ as a functlon of x,
then 65 can be found by Inspection, and m and I can be computed

by use of the method of least squares. Because

B, 3, b
m = A2
kn,s &
the heat-transfer coefficlent can ultimately be determined.

In deriving the expression for the temperature distribution
(equation (4)), the following assumptlons are made:

l. The blade is of uniform cross-sectional area and perimeter
over the blade height.

2. The thermal conductivity of the blade metal, the average
heat-transfer coefficlent, and the effective gas temperature are
constant over the blade height.

3. The temperature gradlents in any croas sectlon of the blade
perpendiculear to the radius are negllglble.

4, Radiation can be neglected.

5. At some position on the blade L, there is no heat flow
and de/dx = O.

Tt will be shown later that these assumptions are actually
experimental. conditions in the setup used. :
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By ueing the experimental value of ho,b: Fu can be computed
based on an arbitrary dimension for d. The exponent of Pr in
equation (1) has been found to have a value of approximately one-
third for the flow of a gas around a body. The constants C and
can be determined by plotting Nu/(Pr)l/3 as a function of Re.

DESCRIPTION OF APPARATUS

The general arrangement of the apparatus i1s shown in figure 1.
Refrigerated air, under a positive pressure (5 in. Hg), passed
successively through a heater, a VDI orifice, a throttling valve,

a calming section, an inlet nozzle, a test section, another throttling
valve, and into the laboratory exhaust system. The air temperature
could be held constant within ®0.5° F.

Detalls of the test section are shown in figures 2 and 3. The
blades are made of Inccnel and are of & symmetrical impulse deaign
wlth a conatant cross-sectlonal area and perimeter to conform %o
the firet assumption of the temperature-distribution derlvation;
they are brazed to a dbronze dummy-wheel sectlon with a pltch-line
radive of 5.50 inches. The blade solidity, defined am the ratio of
the blade chord to the pitch, 1s 1.92. The blades are shrouded at
the tip to form a flow passage 1 inch in helght.

The blade asgembly fite between a eplit Inconel nozzle block,
only the exit half of which is shown 1in figure 3. The blade roots
can be heated by conduction through the bronze wheel section. The
heat is supplied hy means of an electric furnace, the bronze pro-
truding down Into the furmace.

The temperature distribution of cne blade ls measured by means
of a radiation-type thermocouple probe shown in figure 4 and described
in appendix B. A hole, 1/16 inch in diameter, extended radially from
tip to root through the center of one blade. A 1/16-inch-inside-
diameter tube, which acts as a gulde for the probe, 1s fitted flush
with the blade tip so that ‘the two holes are concentric. By moving
the probe in the blade, the temperature at any point can be determined.
Probe positions are measured with a calibrated acrew accursate
within #0,001 inch. Calibrations of the probe (appendix C) insured
the acouracy of the readings.

In order to check the wvalidity of the assumption of a one-
dimensional temperature distribution, fixed thermocouples were
installed on three blades. Three thermocouples peened into 1/32-inch-
diameter holes were in a plane perpendicular to the span of the blade
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on each blade. The distances of the three planes from the tips are
0.23, 0.63, end 1.20 inches. Chordwise locatlons of these thermo-
couples are indicated by circles in Ffigure 2.

Alr Inlet and exit total temperatures were measured in 6-inch
ducts immediately before and after the test section. These ducts
are large enough, compared to the test sectlon, that the total tem-
perature can be read directly. The thermocouple probe and inlet
total temperature were read differentlally on a potentiocmeter in
conjunction with a light-beam gelvanometer. Inlet total pressure
was measured by means of a probe loceted at the nozzle throat.
Inlet statlic pressure was measured with wall taps. Exlt total and
statlic pressures were measured with two fixed calibrated tubes plsced
between two blades at their trailing edges, as shown in figures 1
and 2.

PROCEDURE

Adiasbatic runs to measure the blade recovery factor as well as
heat-transfer rung were necessary in order to obtaln heat-transfer
coefficients based on the effective gas temperature. In both kinds
of run, however, the same measurements were taken, namely, orifice
conditions, blade inlet and exit pressures and temperatures, and
the difference between the blade temperature and the inlet~gas
total tempersture as & function of the probe position.

For the adiabatlc tests, the alr temperature was so adjusted
that the blades assumed room temperature, esnd thus heat losses were
minimized. The Reynolds number was held constant by holding the mass
flow fixed, while the Mach number was varied from 0.3 to 1.0 by
changing the pressure ratlo across the test sectlion. Runs were made
with three different Reynolds numbers.

For the heat-transfer runs, the blade roots were heated wlth
an electric furnace as previously described, and unheated air was
exhausted past the blades. Runs were made at: (a) fixed Reynolds
nunber, in which the Mach number was varied as in the adlabetic runs,
and (bs variable Reynolds and Mach number wlth a ten-fold range of

Reynolds number.
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CALCULATION OF RESULTS
Adlabatlic Runs

It ls advantageous to write the recovery factor In the form

t - % t -t
asl_gs;ﬁ___zaﬁ=1__sﬁ_2_aﬁ (5)
g,t 8,8 Vé
ZJOPJS
because the term (tg,t - tg,e) was experimentally measured, and

in the adiabatic run the effectlive gas temperature was the average
blade temperature. The gas veloclty Vé 1a a function of the total-

temperature and pressure ratio

— ZIL
Vg = _Z‘s_zlf‘_im[l_(g)7] (8)
where
g acceleration due to gravity, 32.17 (ft/sec?)
y ratio of specific heat at constant pressure to that at
constent volume for air, 1.395
R gas constent for air, 53.30 (£t/C°R)
Tg,t total gas temperature, (°R)
P static gas pressure, (in. Hg)
P total gas pressure, (in. Hg)

Because the total temperature was constant through the blede passage,
either the inlet or exit velocity could be computed by equation (6),
using the pressure ratio at that position.

Results of total- and static-pressure surveys indicated that
vhereas the velocity distribution was uniform at the blade inlet,
separation was occurring at some point in the passage; therefore
a velocity gradient resulted from inlet to exit. The small glze of
the blades mede it impossible to determine at which point the separa-
" tlon took place. However, in analyzing the test data, it became



1013 .

NACA RM No. E8H1Z2 11

apparent that the conditions measured at the blade exit were con-
trolling the thermal processes in the blades. Recovery factors were
therefore computed usling the exlt velocity and correlated with the

exilt Mach number My
. . . = -
2 P 7
¥ =\ 51 (;)o - 1J (7

Heat-Transfer Runs

The average heat-transfer coefficlent has been related to the
blade-temperature distribution by equation (4¢). In order to check
the theory experimentally, the test setup must agree with the
assumptions upon which equation (4) is developed. These condltions
were met in the following manner:

1. The blade was designed with a constent cross-sectlion area
and perimeter over its entire helght.

2. The temperature differences from blade tip to root were kept
small enough that thermal-oconductivity varilations were negligible,
less than 7 percent. A comparison of & more exact derivatlon in
which the thermal conductivity wee considered = function of the tem-~
perature and equation (4) where the average conductivlity for the
tempersture range was used resulted in a negligible difference. Even
at greater temperature differences then those used 1n the experiments,
the error could be neglected. A constant gas temperature was achieved
by providing ample mixing length in the large duct before the test
section and by the use of unheated alr.

3. Fixed thermocouples in the blade, arranged to give a two-
dimensional temperature distribution, indicated that gradlents
perpendicular to the radius could be neglected.

4. In order to minimize radiation effects, maximum blade tem-
peratures were kept below 200° F. Because of the characteristics of
the temperature distribution, over half the blade was at a tempera-
ture less than 100° F for all runs. The temperature of the blade
surroundings varied between 50° and 75° F.

5. A point of zero heat flow was obtalned by maintaining the
gas temperature below that of the room. In effect then, the blade
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was heated at the root by the furnace and at the tip by the room
alr because 1t assumed approximately the gas temperature at this
zero heat-flow position.

eToT

The recovery factors found in the adiabatic runs were used to
convert the measured temperature difference ty - tg,t to one basged

on tg,e ag follows:

For a given M,, found from equation (7), a value of o« was
chosen. The exit veloclty was computed by use of eguation (6) by
using the total and static pressures measured at the blade exit.
From equation (5),

2
Y,
= - = - - 220
08 (ty - tg,e) = (b - g,4) + (1 - a) 230p, g

where
ty blade temperature, (°F)

v velocity of gas at exit, (£t/sec)

8,0
With € Iknown ae a funotion of x, i1t was only necessary to

determine the constants of equation (4) in order to determine k. .

However, to apply the method of least squares to a nonlinear

equation, the observation equation (4) had to be transformed into a

linear equatlion by expanding in a Taylor's series, neglecting all 1

terms of powers higher than one (reference 9). The resulting cbser-

vation equation took the form

(?:?) m?* +(~3%) L' =8 - 6, (8)

where

m', L' corrections to approximate values of m and L found by
least squeres

ez value of € ocomputed from approximate m and L

For a given run, approximate values of m and 1L had to be
assumed from which 63 for each measured value of X was
computed useing equation (4). The results were substituted in equa-
tion (8) and the normal equations were formed and solved for m' .
and L'. The corrections were added to the assumed values to glve
the m and I +that best fit the data points. When elther correction,
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m' and L', was large, the process was repeated until a negligible
change occurred. .

An spproximate value of L was found by plotting the observed
temperature distribution and picking the position at which de/dx
was equal to zero. The value of L varied from run to run. Because

m o p|Zes ®

Kn,a &

and b and A are known, only he,p 2ud Ky must be assumed

to find m. The blade thermal conductivity, based on experimental
data for Inconel, was chosen for the integrated average blade tem-
perature. The average heat-transfer coefficlent can be written

“kn,0 A (%)

Q X/ x=0
Bep =T T T ()
'bJ> 6 dx bj e dx
0 0
where
ko0 thermal conductivity of the blade material for the temper-
’ ature at x=0, (Btu/(hr)(£t)}(°F))
%xg temperature gradient at the point x=0, (°F/ft)
x=0 ’

The numerator of equation (9) is found by measuring the slope
of the observed temperature-distribution ocurve at the position x=0,
end multiplying by -k, o A. The denocminator is obtained from a

graphical integration maltiplied by b.

A typlcal temperature-distribution curve calculated from the
thHeoretical equation obtained by least squares as compared to the
observed data points is shown in figure 5.

The total temperature at the blades was assumed equel to the
average of temperatures messured immediately before and after the
test section. Reynolds numbers based on both blade inlet and exit
conditions were calculated. Inlet Reynolds numbers (Re)y were
computed by dividing the orifice mass flow by the flow area. The
characteristic blade dimenslon was arbitrarily taken as the blede
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perimeter divided by =n. Exit Reynolds numbers (Re), were based
on velocltlies and densities computed from conditions measured at the
blade outlets. The exit static temperature was computed from the
exit gas velocity using equation (6) and the exit pressure ratio.
Gas thermel comductivity, viscosity, and Prandtl number were evalu-
ated at the film temperature taken as the mean of the integrated
average blade and static .(inlet or outlet) temperatures.

DISCUSSIOR OF RESULTS

Recovery factor. - The recovery factor for the blade inveasti-
gated is shown in figure 6 as a function of the exit Mach number.
The average adlabatic blade temperature was obtalned by integrating
the local blade temperatures as measured by the thermocouple probe
and dividing by the blede length. Three sets of variable Mach
number runs were made, each at an approximstely constant Re. The
exit Mach number was varied from 0.3 to 1.0, and the average exit
Reynolds numbers were 60,000, 120,000, and 132,000. The results of
all the runs lie about a single curve end there does not appear to
be an appreciable effect due to Re. For an exlit Mach number range
from 0.3 to 1.0, o changes only from 0.78 to 0.89. Below
an Mg of 0.3, the temperature difference (tg,t - tg,e) became
too small to measure with precision. In this range, the effectlve
gas temperature can be assumed equal to the total gas temperature
without seriously changing results.

Alsc on figure 6 are shown some results takem from reference 8.
Two impulse blades, designated A and B were tested in a cascade
using air as the fluid. Blades A and B turned the ailr 128°
and 110° , respectively. Adiabatic blade temperatures were measured
with thermocouples at the thickest portion of the blade sectlon.
However, it is not stated at what distance, say from the tip, the
measurements were mede. If the blade temperature were constant from
tip to root, this omission would make no difference. However,
additional tests showed that heat was being lost from the blade ends
to the surrounding surfaces. The measured blade temperatures were
therefore probably scmewhat low and, in turn, reduced a for the
blades. The Reynolds number renge of the tests 1s not stated. Not-
withstanding these possible discrepancies, reasonebly good agreement
wes obtalned between the tests reported herein and those of refer-
ence 8. The greatest deviation, which is for blade A, 1s less
than 10 percent.

Pohlhausen (reference 7) hes theoretically shown that a 18
e function of Pr and additional theory has iIndlcated that this

10T ~
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function is NPr. For these reascns, of APr 1s also plotted
againgt M, iIn figure 6. Because all the data were obtained using
alr at room temperature, there ls no relative displacement of the
curves.

Heat-transfer coefflclients. - The results of the heatb-transfer
tests are shown in the conventional manmer, that is Nu/(Pr)l/3 as a
function of Re, in figure 7. The characteristic blade dimension
1s arbitrarily taken as the perimeter divided by = for Nu and Re.
The results can be written In equation form as

Fu = 0.14 (Re);0-88 (pr)/3

with an accuracy of *£10 percent. An inlet Reynolds number range
from 10,000 to 150,000 and an exit Mach number range Mg from 0.3
to 1.0 are covered.

The Inlet Reynoclds number is obtained by dividing the mass flow
measured with the orifice by the flow area, and corresponds to con-
ditions at the blade inlet. If the exit condltions are used to
define an exlt Reynolde number, the dashed curve results, which is
based on the maxlmum ges velocity through the cascade and the
corresponding density. The slopes of the two curves are approxi-
metely egual, but Fu/(Pr)l/3 based on exit conditions is lower by
13 percent and can be represented by

Fu = 0.21 (Re)0+63 (er)/3
with an accuracy within #0 percent.

It was analytically shown (reference 6) that the Nusselt number
based on the effectlve gas temperature is independent of the Mach
number. Verification of this theory 1s given In figure 8. Results
of three constant (Re), rumns in which M, was varied are shown.

Tnesmuch as 1t wes impossible to hold (Re), ebsolutely fixed,

Nu/ (Pr)ll 3 wes corrected for (Re), variatione from an average value
for each run. The correction was applied by multiplying the

observed Nu/ (pr)L/3 by the ratio of the average (Re), to the
observed (Re), raised to the 0.63 power. In general, the experi-
mental scatter for these runs is no greater than thait shown In

figure 7. In all three ceses, the maximum deviation fircm the meen
value is %10 percent and only £5 percent for most of the points.

Effective gas temperature. - The use of heat-transfer coeffl-
clents based on the effective gas temperature is a refinement needed
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only when the temperature differemces involved are small, as was

the cese for these tests. As & rather extreme example, consider a
blade at 105° F, the gas total temperature at 80° F, and a

equal to 1.0. The ratio of bo,p based om tg ¢ to that based

on tg e 1s 1.64. If the blade temperature is increased to 1080° F,
the ratlio is reduced to 1.0l6. At higher gas-temperature levels,
the general trend is the same, although the percentage differences
increase.

COMPARISON OF RESULTS

Turbine cascades. ~ The results of this investigation are
compared with those of other forced~canvection investigations in
figure 9. The cascade data of the General Electric Company coin-
olde perfectly with that of the NACA, based on (Re)y. Bacause
General Electric based Re on the mass flow measured by an orifice,
the only proper basis of camparison would be (Re)s, which is
obtained in & similar menner. Both blades were impulse; the blade
used by General Electric turned the air 134° end had a 3.08-inch
chord; the NACA blade turned the air 106° and hed a 0.68-inch chord.
The solidity of the two cascades was the same. General Electric
Company also assumed an average reocovery factor o equal to 0.85
for all runs.

Notwithstanding the differences in curvature and size of the
two blades, an excellent correlation was obtalned by using the
blade perimeter dilvided by =x as the characteristlic dimension.

Of course, the blade perimeter or any constant times the perimeter
counld have been used equally well. No effect due to the amount of
blade curvature was present Insofar as these two Investigatlions
reveal. It is quite probable thet separation occcurred at about

the game point in each cascade and thus similar flow was established.
By investigating blsdes of smaller curvature than those used in
these runs, that is,blades in which separation ls delayed or
eliminated, scme effects of the curveture might be found.

When differences in shape involve more then merely the smount
of curvature, such as a reaction blade compared with an impulse
blade, it seems unlikely that data will be correlated by only a

blade dimension.

Becsuse convection heat transfer 1s a boundary-layer phenomenon,
there is some likelihood that data of different blades will never be
correlated by the simple means outlined. Possibly, only through
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theoretical boundary-layer studies that take into account the veloc~
ity distribution about the blade will methods be developed to calcu~
tttzrisofelate heat-transfer coefficients for_ an asrbitrary shepe. Another .. ..
promising mode of attack is by use of Reynolds'analogy, which considers
the similarity between heat transfer and momentum transfer. Whereas
neither of these approaches 1s likely to be simple, they will be
much more satisfactory than experimental determinations for every
blede shape. '

Cylinders and streamline bodies. - The data for air flowing
normal to single cylinders end streemline bodies (reference 10) are
also shown 1n figure 9. Agairn, the slopes for all the curves are
approximately equal, but the megnitudes of Nu/(Pr)l/3 aiffer. Values
for single cylinders and those for streamiine bodies are 20 percent
and 10 percent lower than those for the NACA blades based on (Re)s;
respectively.

Application to rim-ccoling thecry. - In addition to the cold-

air tests, a high-temperature run with hot gases was mesde. The
resulis of the coid-air runs are used to predict the cooling
effectiveness of the NACA blades for this runm.

The effectiveness of rim céoling defined In reference 1 1s
measured by the allowable Increase in effective gas temperature as
- limited by the blade stresses. For a fixed blade life, speed, and
amount of ccoling, the effectiveness 1s a function of only the
quentity mL. The value of ml. will now be predicted from the flow
ocondltions and compared with the test value for & high-temperature
run.

The experimental condltlons are:

Excess of hlade' tomperature at root over effective

gas temperature, OF . ¢ ¢ ¢ ¢ ¢ ¢ o ¢ ¢ o e o e e v s e . o =452
Inlet ReynolGs NUMDOT « « « ¢ = s « ¢ o« ¢ o« o s s s s s« s « 49,6800
Average blade thermasl conductivity, Btu/(br)}(£t)(°F). . « . . 18.7
Blade length, ﬁ L] . L] L - L - L] - L] L] * L] L] L * - L] . - L] 001042
Effective gas temperature, ®F « .. ¢ ¢ o« ¢« ¢ ¢ o ¢ o 4 o o o o« 1167
Film tomperature, OF .« ¢ « « o « o o« o s o s ¢« o« s s o « &« o 1000
Gas thermal conductivity, Btu/(br)(ft)(°F). « « « ¢ ¢ + « « « 0.036
Prendtl number .« « + o« « ¢ ¢ ¢ o e« ¢ o « o « s » s » « o« s o 0.65
Bl&de .Perimeter divided by I, fb e & & ©& s ¢ e e *- & & . 0.0473
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From figure 7,
Hu

ho,p = 139 (Btu/(ur) (sq ££)(°F))

m = 43.4 £t

The geametrical blade length is taken as equal to L. The pre-
dicted value of mL 1is 4.53. From these values of m and L,
the temperature distribution can be calculated using equation (4).
The result is,

@ = -9.73 cosh 43.4 (0.1042 - x)

By using the experimental temperature distribution, the measured
value of mlI. oan be obtained by applying the method of least
squares, as previously discussed. The value of mL thua obtained
is 4.26. '

The allowable increase in effective gas temperature for the
two values of mlL oan be found from a cross plot of figure 6 in
reference 1. For a constant value of 6y equal to -452° F, the

following results are obtained:

mL Ats, ° i

(°r)
Experimental | 4.26 | 180
Predicted 4.53| 183

The predicted value of Atg o 18 4 percent lower than the
experimental value. Radiation effects are unaccounted for in the
predicted case. Also L is taken as the geametrical length of the
blade, whereas actually for this case it is slightly greater. In
spite of these approximations, good agreement is obtained. In fig-
ure 10, the predicted blade temperature distribution is compared
with the experimental results. The maximum error is only 10° F at
a blade temperature of 1047° F or 1.0 percent. The values of X
and L 1in figures 5 and 10 are given in inches to simplify the
curves.
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SUMMARY OF RESULTS

From an investigation to determine average outside surface heat-
transfer coefficlents for a cascade of symetrical impulse turbine
blades, the followlng results were cbtalned:

1. For a range of inlet Reynolds numbers from 10,000 to 150,000
and exit Mach numbers of 0.3 to 1.0, the results of the heat-transfer
tests can be represented within #10 percent by

Fu = 0.14 (Re)0-%8 (Pr)l/3

where Nu 1s Nusselt number, (Re); ie Reynolds number at the
inlet, and Pr 1s Prandtl number. The blade perimeter divided

by = was used as the characteristlc dimepsion In Nu and Re and
the gas properties were evaluated at the average film temperature.
The heat-transfer coefflicient was based on the difference between
the blade temperature and the effective gas temperature.

2. The preceding equation expresses equally well the result of
cagcade tests made by the General Electric Company on impulse blades
five times the size of the NACA bdlade. No effect due to the differ-
ence in curvature of the two blades was apparent.

3. The effective gas temperature can be related to the total
end static gas temperatures by a recovery factor, defined as the
ratio of the difference between the effective and statlic gas tem-
peratures to the difference between the total and static gas tem-
peratures. It veried canly slightly (from 0.78 to 0.89) with an exit
Mach number ranging from 0.3 to 1.0 for the blade used and was
independent of the Reynolds number.

4. The Nusselt number based on the difference between the blade
and the effective gas temperature is independent of the Mach number
up to a value of 1.0, at least.

CONCLUSIONS

From the preceding results, the following conclusions can be
drawn: '

1. The results of these low~-temperature tests can be used to
compute the effectiveness of xim cooling at elevated gas tempera-
tures for the blades investigated.
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2. Although a8 correlation wes obtalned between two blade cas-
cades of different sizes by use of the blade perimeter divided by
x &8s the charascteristic dimension in the Reynolds and Nusselt
mubers, it is not clear that this dimension will hold for all
blade shapes and configurations.  Additlional experiments are
necessary to add to the limited amount of experimental data now
avallable. .

Iewis Flight Propulsion Iaboratory,
National Advisory Committee for Aeronauntics,
Cleveland, Ohlo.

¢10T
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APPENDIX A -
SYMBOLS
_The following symbols are used in this report:

A aresa of blade oross section, sq ft

& speed of sound, f£t/sec

B perimeter of thermocouple plug, £t
b perimeter of blade section, It

C1, C2

arblitrary constents

C, r, s constants

°p specific heat at constant pressure, Btu/(silug)(°F)

d characteristic dimension in Reynolds and Nusselt numbers, It

r shape factor for radiation

g acceleration due to gravity, 32.17 ft/sec?

hy convection heat-transfer coefficlent, Btu/(hr)(sq £t)(°F)
c,b convection heat-tranasfer coefficlient from gas to blade,

Btu/(br) (sq £4)(°F)
J mechanical equivelent of heat, 778 f‘b-l'b/Btu
k thermal conductivity, Btu/(hr)(£t)(°F)
L distance from bMe root to polnt &t which de/ax 1is zero, ft
M

Mach number, ‘\Tg/a.

he,p P -1
m rim-cooling parameter, \|—t—r, £t
Kp,a A

Nu Nusselt number, hed/kg

P total pressure, in. Hg
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static pressure, in. Hg

n
Prandtl number, —5]:—02‘-5
[

rate of heat transfer, Btu/hr

gas constant for air, 53.30 f£t-1b/(1b)(°R)

V. dp
Reynolds number, £ 8

Hg
surface area, sq ft
temperature, °R
temperature, °F
velocity, £t/sec
redial position on blade memsured from root, £t

thermal recovery factor relating effective, static, and
total gas temperatures

ACBFTy> o1
‘\} Tk

ratlo of apecific heat of alr at constant pressure to that
at constant volume, 1.395

temperature difference between gas and blade surface, OF

allowable increase 1in effectlve gas temperature due to rim
cooling, °F

excess blade temperature over effective gas temperature at
blade position x, (ty - tg,e), °F

viscosity, elugs/ft-sec
density, slugs/cu ft
Stefan-Boltzmann oconstant, Btu/(hr)(sq £t)(°R)

8o oR

cosh nL’

~CTO1
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Subscripts:

av average

b blade . X )
c convection _ B
e effective

£ film

g gas

i Inlet

i value calculated for least-squares computatlions
m blade metal

o] exit

D plug of thermocoupl; probe

r radlatlon

8 statlc

% total

0 blade root (x=0)

1 upper surface of probe plug

2 lower surface of probe plug

Primed symbols indicate corrections to assumed values found by
least squares. .
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APPENDIX B
DERIVATION OF ONE~DIMENSIONAL TEMPERATURE DISTRIBUTION

A stesdy-state heat balance for a differential element dx
between two planes perpendicular to the blade length and at a
distance x and x + dx from the blade root will be essumed. The
difference between the amount of heat entering the element by con~
duction 4dQ, and the asmount leaving by conduction dQ(x + dx) is
equal to the heat leaving by convection dQ, If radiation can be
neglected :

dQy - dQ(x + ax) = 49 (B1)

(_kmA%) - (ln kmr‘-d:E dx) = Bo,p Dty - tg6) 6x  (B2)

Ir

hep b
L. 2

Kn,a A

and (b, - tg,e) is set equal to @, +then because tg,e 1s
conatant,

Pty _ a0

ax?  ax°
Fquation (B2) becomes

2

ice 2

—_— = g

ax?

A solution of this eguation 1s

6 = C) cosh m (Cg - x) (B3)

It is assumed that at some pogition on the blade 1L, dg/dx = O.
(For most actual turbine inetallations, L 1s closely equal to the
geometrical blade length.) At x =0, 6 = 8g.

Substitution of these boundary conditions in equation (B3) gives
the final equation for the temperature dlstribution when radiation is
neglected
cosh m (L - x) (B4)

cosh nl

6=90



NACA RM No. ESH12 as

APPENDIX C
THERMOCOUPLE PROBE

The radiation-type thermocouple probe used to cbtain the blade
temperature distribution is shown in figure 4. A jJunction 1s formed
by spot-welding 36-gege chromel-slumel wire to a small Inconel plug
0.055 inch in dlameter and 0.032 inch high. The wlres are insulated
by two-hole Alundum tubing that hes & 0.032-inch ocutside diameter
and extends to within 1/2 inch of the Inconel plug. The gep 1s
necessary to reduce the transfer of heat by conduction between the
plug and the tubing. For mechanical strength, an Inconel tube is
cemented around the upper portion of the Alundum tubing. .

Before experimentally calibrating the probe, the effects of
plug dimensions and materlal, that is, plug height and thermal con-
ductivity, on the indicated temperature were theoretically investi-
gated. Because the probe flits snugly into only a l/lG-inch-diameter
hole, it was assumed that all the heat transfer between the walls and
the plug and wiree occurred by radilation.

The derivation of the temperature distribution in the thermo-
couple probe plug will now be indicated. (See fig. 11l.) A steady-
state heat balance for a differential element dx on the plug
between two planes perpendicular to the blade length at & distance =x
end x + dx from the dlade root is assumed. The difference between
the amount of heat entering the element by conduction dQy and the

amount leaving by conduction dQ(x + ax) is equal to the heat
leaving by radilation 4Q,; if convectlon can be neglected,

dQ,x - dQ(x +dx) = er
gt 2 - (y B2 -y TR ex) wonr (1 - ax
(c1)

-By expanding T in a Taylor's series sabout an average temperature
T, and by using only the first two terms, the result 1s

= 41,5 T - 3Tt (c2)

The wall temperature T, can be written

Tm = Tg,e + 6g cosh mgL-x!

cosh mL
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Equation (Cl) becomes

. o
aé
—_— 3 3 cogh m(L-x

kphp ——= =OBF |21'1‘e: Tg,e * 4Ta” O - 47,3 ‘I';) (c3)

] .cosh mL,
a%r |
_ pe
-d—xg =B [‘I‘g,e + @ cosh m(L-x) - mp] (c4)
A solution of equation (C4) is
Bx %o
Tp = Tg,e + C30' " + c,;:e'ﬁx + g2 cosh m(L-x) (cs5)

The constants Cz and C4 can be evaluated from the following
boundary condlitions:

(a) At the probe position
X = Il
Meaasured at the top surface of the plug
Tp = Tp,l
where Tp,l is the reading of the probe.

(b) Aleo at

xaxl

dT

- - —2
Q = PP<d1)

The amount of heat radiated to the plug suri’acé at x3 1s computed

by dividing the wall into layers and summing the total heat transfer,
the radiation-shape factor for each position being teken into
account. To this value is added the heat conducted through the
thermocouple wires to glve Q3. This amount of heat can be computed
by differentiating equation (C5) using the proper constaents for the

wire.
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The reading of the probe TP,l 1a zspumed for a given position
and blade condltions. As outlined, all the constants of equa-

tion (C5) can be evaluated, and the heat transfer at the bottom of
the plug at x can then be calculated

4T
% = -lphp <“_’_‘2)x=xz (ce)

The first term Qp cen be calculated in the same manner as Q;
omitting heat conduction through the wires. Values of 'l‘p 1 &are
assumed until equation (C6) 1s satisfied. !

From this type of calculation, it was concluded that: (a) The
temperature drop through the plug was so amall (less than 1° F)
that the conductivity was of no importance and almost any material
could be used; and (b) As the height of the plug was increased, the
probe error increased. An optimum height of 0.032 inch was
Indlicated.

With the results of the analysls serving as a gulde, several
probes were built and calibrated, as follows: A 1/16-inch-diemeter
hole was drilled from tip to root through the center of a blade.
Five holes, each 1/32 inch in diameter, were drilled perpendicular
to the original hole through the blade at different disgtances from
the root. Thermocouples, 36-gege’chromel-alumel, were inserted in
the small holes so that they indicated the temperature at the
gsurface of the 1/16-inch hole. A tube was soldered to the blade
root through which cooling water was passed. The entire apparatus
was placed in an electric furnace, and the readings of the probe
compared with those of the fixed thermocouples. By varylng the
heat input, different gas temperatures could be simulated.

It was Pfound that probes in which the plug height was greater
than 0.032 inch read lowexr than the true temperature, as was
indicated by the anslysis. By using & plug height of 0.032 Inch,
very satisfactory agreement was obtained between the probe and the
fixed theymocouples. The probe was very gensitive and attalned
thermel equilibrium quickly. '
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